A randomized double-blind clinical trial was conducted to compare neurological and functional recovery and morbidity and mortality rates 1 year after acute spinal cord injury in patients who had received a standard 24-hour methylprednisolone regimen (24MP) with those in whom an identical MP regimen had been delivered for 48 hours (48MP) or those who had received a 48-hour tirilazad mesylate (48TM) regimen.
. Chart showing patient randomization, compliance, and follow up from the beginning of the study to the 1-year follow-up evaluation in NASCIS III. MPSS = methylprednisolone sodium succinate (or MP).
Inclusion Criteria
Attending physicians at the collaborating medical centers diagnosed spinal cord injury in a patient, determined that the individual met all criteria for randomization, and called the 24-hour line of the Yale New Haven Hospital Pharmacy for randomization. The Yale pharmacists ascertained that the patient was injured within the study's time limits and had given consent; then they calculated the drug dosages and imparted that information to a pharmacist at the randomizing center. All NASCIS study and medical personnel, except the principal investigator, were blinded to the drug protocol.
Patients were randomized to three groups: the 48MP group consisted of patients treated for 48 hours with MP infused at 5.4 mg/kg/hour; patients in the 24MP group received MP over a 24-hour period at the same dosage, with an additional 24 hours of placebo administration; patients in the 48TM group received 2.5 mg/kg TM given by intravenous bolus infusion for 15 to 20 minutes every 6 hours for 48 hours. All patients received a 30-mg/kg bolus dose of MP before randomization. The three treatment protocols were blocked in groups of nine patients within each center.
Drug Preparation and Administration
Bolus doses of MP were prepared from open stock supplies. The MP (or its placebo) for the NASCIS study was provided in kits containing 16 2-g vials; doses were prepared following reconstitution with bacteriostatic water. Tirilazad or its placebo was provided in kits containing 16 100-ml vials that required no reconstitution. Patients were assigned to only one active treatment, whereas placebos for the alternate treatments were administered concurrently in separate masked infusions.
Neurological and Functional Assessment
Physicians at medical centers associated with NASCIS assessed patients' neurological function in the emergency room of that center at 72 hours (± 1 hour), 6 weeks (42-49 days), 6 months (180-210 days), and 1 year (365-425 days) postinjury. Among patients surviving at 1 year, 16 refused to be examined, 14 were lost to follow up, and seven were not examined at 1 year for other reasons (Fig. 1) . The NASCIS research nurses performed these follow-up examinations.
Motor Assessment. Fourteen muscle roots were measured bilaterally as follows: 0 = no contraction; 1 = flicker/trace of contraction; 2 = active movement without antigravity; 3 = active movement with antigravity; 4 = active movement against resistance; and 5 = normal. Scores ranged from 0, which indicated no motor activity, to 70, which indicated normal motor function.
Sensory Assessment. Twenty-nine spinal cord segments were evaluated using pinprick and light touch and were scored as follows: 1 = sensation absent, 2 = dysfunctional (including hyperesthesia); and 3 = normal. Responses ranged from 0, which indicated no response in any segment, to a total of 87, which indicated all segments were normal.
Functional Independence Measurement. At the time of their regularly scheduled follow-up neurological examinations, all patients underwent the functional independence measure (FIM) examination, which was administered by NASCIS research nurses. [25] 
Statistical Analysis
All analyses were preplanned in the protocol. The primary endpoint was change in neurological function between the baseline and follow-up examinations. The trial was designed to detect motor change score differences of 5 or more with alpha set at 0.05 and beta at 0.2, which required 150 patients in each group. Calculations were performed using the generalized linear model procedure in the statistical analysis system, and overall significance was tested using Type III sums of squares. We summarized results according to the time the bolus was received (¾ 3 or > 3 hours, the modal time from injury) and degree of neurological loss (complete or incomplete). For analysis of neurological scores we used data from the right side of the patient's body. In a few instances in which these data were unavailable the left side was used. Two-tailed tests of significance were used with a nominal probability value of 0.05. To adjust for the effect of baseline differences on neurological change, for analysis of covariance we used the initial measure of function as a covariate. Adjusted means were used as the summary.
In a summary of patient survival we used the product-limit estimator of the survival curve, truncating follow-up at 375 days. The curves of the three treatment groups were compared using the log-rank test, calculated using LIFETEST software in SAS (Release 6.11; SAS Institute, Inc., Cary, NC, 1996).
The institutional review boards at all collaborating centers approved the full study protocol.
RESULTS
Of the 499 randomized patients, 431, representing 92.1% of surviving patients, were evaluated at their 1-year follow up (Fig. 1) . The demographic characteristics of the study population have been described previously [10] and were similar across the three treatment groups. However, baseline neurological scores differed, and patients treated with TM were more severely injured than patients in either MP group. This failure of randomization required that analyses of all follow-up examinations be corrected for baseline status. The survival status was known for all patients. Figure 2 shows the survival rates for all three treatments, which ranged from 92.8 to 94.6% among the three treatment groups at 1 year (log-rank test = 0.44, dƒ = 2, p = 0.8). Table 1 shows the primary causes of death. More deaths resulted from pneumonia, respiratory distress syndrome (RDS), and respiratory failure in the 48TM and 48MP groups, a difference that may not be due to chance (24MP compared with 48MP, p = 0.056). There was no meaningful distribution for the other primary causes of death. Table 2 shows results of the intent-to-treat analysis for motor function, pinprick, and sensation on light touch according to the three drug protocols. Overall, patients treated with 48MP attained better motor recovery than those given 24MP but this difference was quite modest (p = 0.232). Patients treated longer than 3 hours postinjury (but within 8 hours because of eligibility criteria) showed a diminished return of motor function in the 24MP group (a change score of 13.7), which was not seen in the 48MP group (change score 19, p = 0.053). Patients treated within 3 hours showed essentially the same motor recovery in all three drug protocols. Patients treated after 3 hours with 48 TM recovered motor function to a similar extent to those receiving 24MP. These patterns of recovery were less evident for the sensory parameters, which generally showed a smaller effect of the treatment protocols on neurological recovery. Table 2 also shows recovery among patients in whom complete or incomplete neurological loss was diagnosed in the emergency room. In both groups of patients, those treated with 48MP regained more motor function than those treated with 24MP (p = 0.17 and p = 0.11, respectively). These differences were smaller for the sensory measures. As expected, overall recovery was much less pronounced in those in whom complete neurological injuries were diagnosed at the time they were in the emergency room (data not shown). Among patients with either complete or incomplete injuries, those in whom treatment was initiated after 3 hours improved more in motor function with 48MP than with 24MP; respectively, complete scores for patients with injuries were 6.3 for 48MP compared with 1.5 for 24MP (p = 0.144) and for patients with incomplete injuries, scores were 30.1 compared with 26.3 (p = 0.185). Figure 1 shows that 38 (7.6%) of the 499 randomized patients were noncompliant with their allocated drug regimen. Because these patients would not be expected to show maximal benefit from the study drug protocols, they were excluded from a replication of the foregoing analyses limited to compliant patients. All of the associations reported earlier were strengthened in the analysis of compliant patients (Table 3) . Improvement in motor function increased from 13.3 to 19.4, respectively, in patients treated with 24MP and 48MP in whom initiation of treatment was delayed (p = 0.032). Among patients with complete injuries, the overall improvement in motor function was 3 to 6.6 in 24MP compared with 48MP (p = 0.100) and among patients with incomplete injuries, the respective motor change scores were 27.1 and 31.4 (p = 0.054). Patients in whom complete injuries were diagnosed while they were in the emergency room and who received delayed treatment had motor change scores of 0.6 and 6.6 for the 24MP compared with the 48MP regimen (p = 0.07). Scores in patients with incomplete injuries were 26.3 and 30.6 for the two regimens, respectively (p = 0.143). In all of the neurological analyses the patients in the 48TM group recovered to a level between those in the two MP groups.
Neurological Function at 1 Year
We examined whether improved neurological recovery was sufficient to reassign patients from one of the four motor dysfunctional categories to a higher functional group; for example, from quadriplegic to paraplegic, quadriparetic, paraparetic, or normal. Using intent-to-treat analysis, 56.1% of patients treated with 48MP improved at least one grade compared with 47.2% of patients treated with 24MP (relative improvement 1.19, 95% confidence interval [CI] 0.92-1.53, p = 0.178). Improvement rates for patients in these two groups who underwent delayed treatment, in whom regimens were initiated 3 to 8 hours postinjury, were 58.2% and 43.8%, respectively (relative improvement = 1.33, 95% CI 0.93-1.90, p = 0.111). Among patients who received delayed treatment with 48MP, 29.8% recovered three or more grades compared with 17.5% of patients in whom delayed treatment with 24MP was administered (relative improvement = 1.75, 95% CI 0.93-3.31, p = 0.073). Corresponding improvements for patients receiving TM fell between those observed for the two MP-treated groups. Table 4 presents the 1-year FIM scores in the intent-to-treat and compliers analysis. For almost all the FIMs, total and component scores, patients treated with 48MP experienced better functional recovery than those receiving 24MP. However, these differences were not large, and the strongest association was for self care in the compliers analysis (p = 0.085). Higher total and component FIM scores were seen in patients treated with 48MP who had either complete or incomplete injuries, with stronger associations in patients treated after 3 hours and for those in the compliers analysis (data not shown). However, none of these associations reached nominal statistical significance. Table 5 lists new complications reported for the first time at 6 months and 1 year postinjury. Complications that manifested before 6 weeks were reported in a previous publication. [10] Overall, there was little difference in the frequency of adverse events among the three treatment groups. Mild-to-moderate urinary tract infections occurred most commonly (66%) in the 48TM group (p = 0.01), whereas severe urinary tract infections were somewhat more common in patients treated with 48MP (3.3%, p = 0.20). Mild-to-moderate pneumonia occurred most frequently after treatment with 48TM (7.3%, p = 0.12) but for severe pneumonia there was essentially no difference among treatment groups.
One-Year FIM Scores

Complications of Treatment
DISCUSSION
Neurological Recovery:
The 1-year follow-up results of NASCIS III essentially confirm those observed at the 6-week and 6-month follow up. [10] The overall NASCIS III motor recovery scores are shown in Fig. 3 . Patients in all three treatment groups showed further neurological and functional recovery at 1 year. The rate of recovery was slower between 6 months and 1 year compared with the period between 6 weeks and 6 months, which was also observed in the two previous NASCIS trials. [5, [7] [8] [9] Patients in whom treatment was initiated within 3 hours after injury recovered equally well in all three drug protocols. Among patients whose treatment was initiated longer than 3 hours after injury, those receiving 48MP showed greater recovery in motor function (p = 0.053), overall functional independence (p = 0.289), and self care (p = 0.151) than the respective 24MP group. Improvements in recovery among patients who received delayed treatment with 48MP were observed in those with complete (p = 0.17) and incomplete neurological injuries (p = 0.11) at the time of trauma. All of these relative improvements at 1 year were modest, and in the intent-to-treat analysis did not meet nominal levels of statistical significance (p > 0.05) which, for example, were observed at 6 weeks (p = 0.04) and 6 months (p = 0.01) in the motor function improvement scores in those treated after 3 hours. [10] Fig. 3. Bar graph showing motor improvement score at 6 weeks, 6 months, and 1 year after injury by time from accident to bolus dose. Intent-to-treat analysis was adjusted for emergency room motor score. *p < 0.05.
In the compliers analysis, in which 38 patients who did not receive their study drug treatment according to protocol were excluded, treatment effects were larger, as would be expected if the drug were having a real effect. However, the intent-to-treat analysis reflected neurological and functional improvements that are more likely to be observed in the vicissitudes of normal clinical practice, when protocols may not always be followed precisely.
Functional Recovery
When we examined whether the clinical improvement seen in the 3-to 8-hour delayed treatment group led to improvement in their neurological grade, those given 48MP were 1.75 times more likely to recover three or more grades (95% CI 0.93-3.31, p = 0.073), a finding that must be associated with functional recovery and that correlates with the relative improvement in the FIM self-care score. It is not surprising that the total FIM scores did not show a larger change because two components: 1) communication, which is composed of comprehension and expression; and 2) social cognition, which is a combination of social interaction, problem solving, and memory, are not generally affected by spinal cord injury. This is reflected by the almost maximal scores (14 and 21, respectively) 
approximately 22% from the maximum score of 42; and sphincter control (bladder and bowel management) by approximately 33% from its maximum score of 14. [1] These two components appeared to be most influenced by the 48MP protocol, perhaps reflecting greater upper body improvement, but the differences were not large and were even smaller for the mobility and locomotion components.
In the NASCIS II trial functional status was not evaluated, and it is useful to contrast the effect of 24MP against placebo on neurological recovery in that trial with the NASCIS III results, given their almost identical study protocols. The NASCIS II data at 1 year showed improvements of 5.2 in motor function scores for 24MP compared with placebo in all patients (p = 0.03) and 6.6 (p = 0.014) in compliers. [8] In NASCIS III, motor improvement scores of 5 in the 48MP group 6-month intent-to-treat analysis (p = 0.07) were associated with increases in total FIM scores (p = 0.08), self care (p = 0.03), and sphincter control (p = 0.01). [10] It seems highly likely, therefore, that had FIM been assessed in NASCIS II, similar improvements in 24MP compared with placebo FIM scores would have been observed.
Possible Mechanisms
Why might the efficacy of 24MP decline in patients treated longer than 3 hours after injury? This effect could not be studied in NASCIS II because, with overall 12-hour eligibility criteria, too few patients were treated within 3 hours to provide reliable estimates of effect. The most likely secondary injury process, which high-dose MP is thought to affect, is lipid peroxidation and hydrolytic destruction of neuronal and microvascular membranes, [3, 14, 17, 18, 27] a process that continues for several days after injury. [18, 29, 30] When secondary posttraumatic spinal cord injury is increased because of delayed treatment, it is likely to be more difficult to slow the postinjury cascade of neurodestructive events. Delayed reactions are also manifested as hemoglobin oxidation in subarachnoid clots after subarachnoid hemorrhage. [30] Single-bolus dosing does not attenuate posttraumatic spinal ischemia, [11, 12, 22] and in experiments in which 48MP dosing was used [13] it was not compared with 24-hour regimens. With even longer delays in treatment to longer than 8 hours in NASCIS II, we observed reduced recovery with 24MP treatment compared with placebo. [6] This may be because the secondary injury cascade becomes so advanced that it is refractory to 24MP treatment. After 8 hours the beneficial effects of MP are lost and its negative role in inhibiting immune cell activity [28] and axonal sprouting [19] may dominate.
Tirilazad mesylate continues to have equivalent efficacy to 24MP treatment at 1 year, as was observed at 6 weeks and 6 months. [10] Tirilazad is a potent inhibitor of lipid peroxidation [15, 20, 21] and its lack of equivalence with 48MP has three possible explanations. The benefit of 48MP may be derived from its antiinflammatory actions, [18, 27] although dose levels of MP that inhibit lipid peroxidation do not show antiinflammatory actions. [24, 31] Second, the level of TM used in this study may have been too low or not given for long enough to achieve an optimal effect. Third, despite randomization, patients in the 48TM group were more severely injured than those in the MP groups. We may have been unable to correct fully for this difference statistically in the follow-up analyses.
All three protocols were associated with similar complication rates as assessed at 6 months and 1 year postinjury. Mild-to-moderate urinary tract infections were most common after 48TM (66%) and least common after 48MP treatment (47%), whereas severe infection was most common after 48MP but only occurred in 3.3% of patients. For some complications, the more immediate ones reported at 6 weeks may be more relevant for drug effects. [10] Overall survival rates at 1 year did not differ in a meaningful way among the three drug protocols and ranged from 92.8 to 94.6%. This is a high overall survival rate that may be due in part to the exclusion of patients with gunshot wounds and head injuries.
The 1-year results of NASCIS III lend additional support to the extended clinical use of high-dose MP in patients whose initial therapy cannot be started until more than 3 hours after injury, but before 8 hours when high-dose MP may have deleterious effects. [6] Because approximately half of all patients with spinal injuries are admitted in the 3-to 8-hour window, according to the NASCIS III data, this recommendation should be of benefit to a substantial number of patients. However, the significant increases in severe pneumonia seen at 6 weeks after 48MP treatment, [10] and the observation of possible increased mortality rates caused by pneumonia, RDS, or respiratory failure, call for caution in managing patients with complicating medical factors who are being treated with 48MP and avoiding its unnecessary use in patients who could be treated for 24 hours.
